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The	 consequences	 of	 emerging	marine	 diseases	 on	 the	 evolutionary	 trajectories	 of	
affected	 host	 populations	 in	 the	 marine	 realm	 are	 largely	 unexplored.	 Evolution	 in	





full-	sib	 breeding	 design	 crossing	 two	 genetically	 differentiated	 populations	 of	 the	
Pacific	oyster	Crassostrea gigas	 (Thunberg,	1793),	 to	determine	the	 influence	of	host	












populations	 which	 demonstrates	 that	 admixture	 between	 genetically	 differentiated	
populations	can	influence	GxGxE	interactions	on	larger	scales.









2  |     ﻿WENDLENG Wet  Dl
unfavourable	conditions	on	a	short	timescale.	However,	environmental	
changes	will	impose	directional	selection	on	traits	relevant	for		fitness	
(Gienapp,	 Teplitsky,	 Alho,	 Mills,	 &	 Merila,	 2008),	 thereby	 	favoring	
some	genotypes	over	others,	leading	to	genotype	x	environment	(GxE)	
interactions.	Therefore,	standing	genetic	variation	enabling	fast	cross-	
generational	 responses	will	 determine	 how	 	populations	will	 evolve,	
which	 ultimately	 allows	 us	 to	 make	 long-	term	 predictions	 about	
population	 persistence	 (Gienapp	 et	al.,	 2008;	 Stockwell,	 Hendry,	 &	
Kinnison,	2003).
In	the	case	of	disease,	another	dimension	contributes	to	the	GxE	
interactions	 of	 host	 organisms,	 namely	 the	 genotype	 of	 the	 patho-
gen.	Thus,	the	evolution	of	disease	resistance	does	not	only	depend	
on	 the	 host	 genotype	 but	 also	 on	 pathogen	 genotypes	 leading	 to	
genotype	x	genotype	(GxG)	interactions.	Many	emerging	marine	dis-
eases	are	tightly	linked	to	rising	temperatures	(Burge	et	al.,	2014;	Fey	
et	al.,	 2015;	Harvell	 et	al.,	 1999;	Harvell	 et	al.,	 2002;	 Lafferty	 et	al.,	
2015).	In	particular,	ecologically	and	economically	important	species,	





of	disease	 resistance	 to	 the	 interaction	of	host	 genotype,	 pathogen	
genotype	and	the	environment	 (GxGxE)	 to	be	able	 to	make	realistic	
predictions	 about	 the	 evolutionary	 potential	 of	 the	 respective	 host	
population	 (Lafferty	&	Kuris,	1999).	Despite	 the	growing	number	of	
epizootics	 in	 the	marine	 realm,	 studies	 addressing	 the	 evolutionary	
potential	 of	 host	 populations	 to	 pathogen	 infections	 in	 the	 light	 of	
projected	rising	temperatures	are	still	rare.




perature	 (Samain,	 2011).	 Oyster	 mass	 mortalities,	 usually	 referred	





Garnier,	 Labreuche,	 Garcia,	 Robert,	 &	 Nicolas,	 2007;	 Lemire	 et	al.,	
2014;	 Petton	 et	al.,	 2015;	 Saulnier	 et	al.,	 2010;	 Travers,	 Boettcher	
Miller,	Roque,	&	Friedman,	2015;	Wendling	&	Wegner,	2013).
Pacific	 oysters,	 originating	 from	 Japan,	 have	 been	 deliberately	
introduced	 to	 many	 coastal	 areas	 worldwide	 for	 aquaculture	 pur-
poses.	 In	many	 cases,	 they	 escaped	 from	 the	 aquaculture	 sites	 and	
established	stable	populations	in	the	wild	(Ruesink	et	al.,	2005).	In	the	
European	Wadden	 Sea,	 two	 invasion	waves	 have	 been	 reported.	 In	
the	 south,	oysters	had	been	 imported	 from	British	Columbia	 to	 the	










2005)	and	 the	 two	gene	pools	 can	now	admix,	which	could	 lead	 to	
either	a	breakdown	of	evolved	population-	specific	GxGxE	interactions	
(outbreeding	 depression)	 or	 overall	 higher	 resistance	 (hybrid	 vigour,	
Wendling	&	Wegner,	2015).	While	a	scenario	of	admixture	between	
two	 independent	 biological	 invasions	 might	 be	 comparatively	 rare,	
the	 frequent	 transport	 of	 oysters	 between	 localities	 in	 aquaculture	
(Muehlbauer	et	al.,	2014)	could	have	similar	effects	on	GxGxE	interac-
tions	in	disease-	associated	mass	mortalities.
Disease	 resistance	 has	 a	 genetic	 basis	 in	 oysters	 (Dégrement,	
Morga,	 Trancart,	 &	 Pépin,	 2016;	 Dégremont	 et	al.,	 2005,	 2007;	
Wendling	&	Wegner,	2015);	however,	variation	underlying	genotypic	
host	 x	 pathogen	 interactions	 as	well	 as	 their	 environmental	 depen-
dency	 has	 yet	 to	 be	 investigated.	 Therefore,	 the	motivation	 of	 the	
present	 study	 was	 to	 determine	 the	 environmental	 modifications	
of	 GxG	 interactions	 against	 the	 background	 of	 two	 genetically	 dis-














DNA	 from	 mantel	 tissue	 was	 extracted	 using	 a	 96-	well	 DNA	
extraction	 kit	 (Wizard®Genomic	 DNA	 Purification	 Kit,	 Promega,	
Mannheim,	 Germany)	 following	 the	 manufacturer’s	 protocol.	 PCR	
amplification	 was	 performed	 using	 the	 M13-	tailed	 PCR	 method	
(Schuelke,	 2000)	 in	 a	final	 reaction	volume	of	20	μl	 containing	4		μl 
Buffer	 (5×Colorless	 GoTaq®Flexi	 Buffer,	 Promega,	 Mannheim,	
Germany),	 1.2	μl	 MgCl2	 (25	mM),	 0.4	μl	 dNTPs	 (10	mM),	 0.04	μl 
labelled	 M13	 primer	 (20	μM),	 0.05	μl	 forward	 primer	 (20	pM/μl),	
0.1 μl Taq	 polymerase	 (5	U/μl,	 GoTaq®DNA	 Polymerase,	 Promega,	
Mannheim,	 Germany)	 and	 4	μl	 template	 DNA	 (approximately	
10–20	ng/μl).	Reactions	were	performed	according	to	the	following	
cycling	 protocol:	 5	min	 at	 94°C,	 30	 cycles	 of	 30	s	 at	 94°C,	 45	s	 at	
57°C	and	45	s	at	72°C,	followed	by	10	cycles	of	30	s	at	94°C,	45	s	
at	53°C	and	45	s	at	72°C,	and	a	final	extension	at	72°C	for	10	min.	
We	denaturated	1	μl	 of	each	PCR	 reaction	 in	HiDi-	formamide	 (Life	
Sciences,	 Darmstadt,	 Germany)	 and	 analysed	 it	 on	 an	 ABI	 prism	
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3100XL	capillary	sequencer	(Life	Sciences,	Darmstadt,	Germany)	with	
GeneScan®	500	LIZ®	as	a	size	standard.
















and	SN	 (Southfemale	×	Northmale).	We	produced	 reciprocal	 crosses	 to	
partition	 out	 the	 influences	 of	 different	 maternal	 and	 paternal	 life	
histories.	Gametes	were	 stripped	directly	 from	 the	gonads	 and	 col-
lected	 into	 0.45	μm	filtered,	UV-	treated	 seawater.	 Fertilization	was	











We	chose	 two	 representatives	of	 the	Vibrio splendidus clade: O7w_



























Fixed­factor numDF denDF F p
(Intercept) 1 518 1,433.6335 <.001
Stage 1 518 35.1369 <.001
E 1 518 16.6009 .0001
PG 1 518 23.1331 <.001
Cross-	Type 2 33 0.2714 .764
Stage*E 1 518 6.1037 .0138
Stage*PG 1 518 0.0369 .8477
E*PG 1 518 1.8166 .1783
Stage*	
Cross-	Type
2 518 0.8823 .4144
E*Cross-	Type 2 518 0.4829 .6173
PG*Cross-	Type 2 518 0.1103 .8956
Stage*E*PG 1 518 0.0013 .9712
Stage*E*	
Cross-	Type
2 518 2.466 .0859
Stage*PG*	
Cross-	Type
2 518 3.3395 .0362
E*PG*	
Cross-	Type
2 518 0.0666 .9356
Stage*E*PG*	
Cross-	Type
2 518 0.5936 .5527









tion	 by	 optical	 density	 at	 550	nm	 representing	 a	 concentration	 of	
5	×	108	CFU/ml	 in	 both	 strains	 (Gueguen	 et	al.,	 2003;	Wendling	 &	
Wegner,	2015).	Bacteria	 cells	were	 centrifuged	at	5,	400	g	 at	25°C	
for	5	min	and	resuspended	in	nutrient	solution	at	2	×	109	cells	per	ml.
2.4 | Experimental­design










levels	 (19°C	 representing	 the	 present	 water	 temperature	 at	 which	
spawning	 occurs	 naturally	 and	 23°C	 representing	 predicted	 future	
water	temperature	during	summer	months).
2.5 | Experimental­challenge












to	both	 infection	experiments.	 Larvae	were	fixed	 in	Baker’s	 formol-	








root	 transformed.	There	was	no	 significant	 difference	 in	mean	 larval	
size	 between	 the	 different	 hybrid	 cross-	types	 at	 both	 stages	 (lin-






both	between-	population	 crosses	 for	 the	main	 analyses.	Addition	of	
both	Vibrio	 strains	had	a	significant	 influence	on	survival	at	both	 lar-
val	 stages	 (linear	 model:	 D-	Larvae:	 F(df=1,429)	=	505.2,	 p <	.001	 and	
Pediveliger	larvae:	F(df=1,429)	=	334.6,	p <	.001,	Figure	1).	To	test	for	GxG	
interactions,	we	excluded	the	control	group	from	the	main	analysis.
Larval	 survival	 rate	 was	 analysed	 using	 a	 linear	 mixed-	effects	
model	 with	 maximum-	likelihood	 error	 estimation	 using	 the	 lme	
function	 (package	 nlme)	with	 larval	 stage,	 temperature,	 cross-	type	
and	 pathogen	 genotype	 as	 well	 as	 all	 interactions	 as	 fixed	 effect	


























oysters	 from	 the	 admixture	 zone	 had	 significantly	 less	 individuals	
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3.2 | Infection­experiment
Larval	 stage,	 temperature,	 pathogen	 genotype	 and	 the	 interac-
tion	of	 larval	 stage	and	 temperature	 significantly	contributed	 to	 the	
observed	variation	in	survival	rate	(Table	1).	Survival	rate	was	on	aver-
age	significantly	higher	 in	Pediveliger	than	 in	D-	larvae	(linear	model:	
F(df=1,162)	=	15.84,	 p <	.001;	 Figure	2).	 We	 observed	 that	 host	 and	
pathogen	genotype	were	significant	main	effects	at	both	larval	stages	
and	 thus	 conclude	 that	 there	 is	 a	 substantial	 genetic	 basis	 for	 dis-
ease	resistance	and	that	survival	also	depends	on	pathogen	genotype	
(Table	2).	 Contrary	 to	 expectations,	 life	 stages	 differed	 significantly	
in	their	temperature	tolerance	upon	Vibrio	infection	(Figure	2).	While	
controlled	infection	experiments	on	adult	oysters	showed	a	reduced	
survival	 rate	 at	 high	 temperatures	 (Wendling	 &	Wegner,	 2013),	we	
could	 not	 observe	 any	 influence	 of	 temperature	 on	 infection	 out-
come	 in	 Pediveliger	 larvae	 and	 even	 a	 reverse	 temperature	 effect	
in	 D-	larvae	 (Figure	2).	 A	 significant	 interaction	 of	 temperature	 and	
host	 	genotype	 as	well	 as	 of	 pathogen	 genotype	 and	host	 genotype	
at	 D-	stage	 	larvae	indicated	 a	 family-	specific	 response	 to	 tempera-











Furthermore,	 we	 calculated	 the	 mean	 slope	 of	 the	 reaction	
norms	per	cross-	type	and	 infection	for	each	 larval	stage	based	on	
the	 net	 difference	 in	 survival	 between	 environments	 (Figure	3).	
Overall,	 we	 observed	 significantly	 steeper	 reaction	 norms	 in	
D-	larvae	 than	 in	 Pediveliger	 larvae	 (linear	 mixed-	effects	 model,	
larval	stage	effect	F(df=1)	=	9.16,	p	=	.003),	 reflecting	the	significant	
GxE	interaction	observed	in	D-	larvae,	but	absent	in	Pediveliger	lar-
vae.	 In	D-larvae,	we	 also	 observed	 a	 trend	 for	 shallower	 reaction	
norms	 in	 hybrid	 crosses	when	 compared	 against	 both	pure	 cross-	
types	(cross-	typeSxS,TxT,H	×	stage	interaction	F(df=2)	=	2.642,	p	=	.075)	
that	were	 significant	when	 combined	 pure	 cross-	types	were	 con-
trasted	 against	 the	 hybrids	 (cross-	typePure,H	×	stage	 interaction	



























Fixed­factorDF Sum­Sq F p DF Sum­Sq F p
E 1 1.77 58.91 <.001 1 0.07 0.97 .33 E
PG 1 0.87 29.02 <.001 1 0.94 12.52 <.001 PG
Cross-Type 2 0.42 6.92 .001 2 0.01 0.09 .92 Cross-	Type
HG 30 8.49 9.44 <.001 30 5.66 2.52 <.001 HG
E*PG 1 0.01 0.28 .59 1 0.18 2.4 .12 E*PG
E*Cross-Type 2 0.37 6.12 .003 2 <0.001 <0.001 1.0 E*Cross-	Type
PG*Cross-Type 2 0.27 4.43 .01 2 0.2 1.32 .27 PG*Cross-	Type
E*HG 30 2.39 2.65 <.001 30 2.35 1.05 .41 E*HG
PG*HG 30 1.04 1.16 .27 30 3.53 1.58 .04 PG*HG
E*PG*Cross-	Type 2 0.03 0.46 .63 2 0.10 0.67 .51 E*PG*Cross-	Type
E*PG*HG 30 2.11 2.34 <.001 30 2.19 0.98 .51 E*PG*HG
Residuals 131 3.93  131 9.78 Residuals
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pathogen	 and	hence	 the	 three-	way	 interaction	of	 hosts,	 pathogens	
and	environment	(GxGxE)	has	received	far	less	attention.	Using	con-










pathogen	 and	 the	 environment	 (GxGxE)	 determine	 the	 outcome	 of	
infections	in	very	early	larval	stages.	These	population-	specific	reac-





ance	 is	 attributable	 to	 host	 families	 (i.e.,	 genotypic	 units).	 Although	
full-	sib	 families	 contain	maternal	 and	 paternal	 effects	 next	 to	 addi-










population-	specific	 resistance	 patterns	 (Wendling	&	Wegner,	 2015)	

















any	 study	on	oysters,	where	 a	 significant	GxG	 interaction	has	been	
detected.	 This	 is	 a	 major	 knowledge	 gap	 in	 studying	 disease	 resis-













Ellner,	 &	 Hairston,	 2016),	 especially	 when	 selection	 pressures	 vary	
across	 life	stages	and	generations	overlap	 (Ellner	&	Hairston,	1994).	
The	different	responses	of	early	life	stages	of	oyster	larvae	observed	
here	 support	 these	 predictions,	 and	when	 coupled	 to	 the	 dynamic	
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very	vulnerable	 to	 rising	 temperatures	 (Belkin,	2009).	Therefore,	we	
included	a	temperature	component	to	study	the	evolution	of	disease	
resistance	in	Pacific	oysters.	Based	on	family-	based	thermal	reaction	











Interestingly,	 a	 significant	 influence	 of	 temperature	 on	 disease	
outcome	as	well	as	on	the	interaction	between	host	genotype,	patho-




results	 point	 in	 the	 opposite	 direction	 and	 contrast	 several	 studies	
demonstrating	 a	 direct	 link	 between	 Vibrio virulence and increas-
ing	 temperatures	 (Kimes	 et	al.,	 2012;	 Mahoney,	 Gerding,	 Jones,	 &	
Whistler,	2010),	as	well	as	many	theories	addressing	the	interaction	of	
rising	temperature	with	emerging	marine	diseases	in	general	(Harvell,	
Altizer,	 Cattadori,	 Harrington,	 &	 Weil,	 2009;	 Harvell	 et	al.,	 1999,	











been	 shown	 for	 adults	 (Sicard	 et	al.,	 2006)	 and	 larvae	 (Rico-	Villa,	
Pouvreau,	&	Robert,	2009).	However,	empirical	studies	demonstrated	
that	larvae	are	dependent	on	temperatures	above	22°C	to	reach	opti-
mal	 growth	 and	 metamorphosis	 performance	 while	 temperatures	
as	 low	 as	 17°C	 consistently	 inhibit	 ingestion	 and	 growth	 over	 the	
entire	 larval	period,	although	 they	did	not	cause	significant	mortali-
ties	(Rico-	Villa	et	al.,	2009).	Increased	survival	rate	at	23°C	in	contrast	
to	19°C	as	 shown	 in	 the	present	 study	 could	 therefore	 result	 from	
a	reduced	physiological	performance	of	early	 larval	stages	at	colder	
temperatures	 resulting	 in	 impaired	 defence	 mechanisms	 against	
pathogens.	 As	 we	 did	 not	 observe	 any	 difference	 in	 susceptibility	
in	 control	 oysters	 between	 cold	 and	warm	waters,	we	 assume	 that	
the	 lower	 	experimental	 temperature	 is	 not	 harmful	 in	 general,	 but	
only	 when	 pathogens	 or	 other	 stressors	 are	 present.	 Interestingly,	
this	 temperature-	dependent	 disease	 resistance	 disappeared	 at	 the	
Pediveliger	stage.	In	particular,	Pacific	oyster	larvae	are	hypothesized	
to	have	a	strong	innate	immune	system	that	has	a	faster	maturation	






























Both	 fronts	 of	 the	 genetically	 differentiated	 invasion	waves	 of	 the	
Pacific	oyster	 in	 the	Wadden	Sea	now	overlap	 (Essink	et	al.,	 2005),	
and	our	data	 indicate	ongoing	admixture	between	both	gene	pools.	
Admixture	 can	 have	 profound	 effects	 on	 locally	 adapted	 traits	 and	
their	 interactions	with	 the	 environment	 (Verhoeven,	Macel,	Wolfe,	
&	 Biere,	 2011).	 However,	 only	 little	 is	 known	 about	 the	 effect	 of	
admixture	on	disease	resistance,	although	this	seems	highly	relevant	
for	 regularly	 transplanted	 aquaculture	 species	 like	 Pacific	 oysters	
(Muehlbauer	et	al.,	2014)	that	can	shape	the	genotypic	composition	
of	derived	wild	populations	(Moehler	et	al.,	2011).	In	Pediveliger	lar-
vae,	 the	 admixed	 families	 show	more	 variation	 in	 survival	 than	 the	
source	population	and	no	coherent	change	in	reaction	norms.	At	the	
D-	veliger	stage,	on	the	other	hand,	the	admixed	hybrids	showed	less	
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can	be	 interpreted	 as	higher	 environmental	 tolerance,	which	would	
give	 admixed	 individuals	 an	 advantage	 in	 variable	 environments.	
On	the	other	hand,	 this	pattern	can	also	be	 interpreted	as	a	 loss	of	
population-	specific	reaction	norms	that	may	reflect	local	adaptation.	
In	 general,	 admixed	oysters	 should	be	more	 resistant	 against	 infec-
tion	by	a	broad	 range	of	Vibrio	 strains	due	 to	dominant	 inheritance	









early	 larval	stages	point	 in	 the	opposite	direction	and	are	positively	













and	evolutionary	 consequences	 for	 resistance	 against	 polymicrobial	
diseases	(Le	Roux	et	al.,	2016).
In	 changing	 environmental	 conditions,	 the	 amount	 of	 standing	






amount	of	phenotypic	plasticity	 to	 respond	quickly	 to	unfavourable	






et	al.,	 2014)	 should	 consider	 this	 impact	 for	 farming	 practices	 and	
conservation	 to	 respond	 to	 challenges	 of	 increasing	 frequencies	 of	
mass	mortalities	(Fey	et	al.,	2015).
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